Molecular Design of Antifouling Polymer Brushes using Sequence-Specific Peptoids
King Hang Aaron Lau Figure S1. The spatial separations between the oppositely charged groups for the three archetypical PMKE zwitterionic designs, as determined by MD simulation. The distances were measured over the 20 ns MD simulations dedicated to each PMKE species. The distributions of separations measured for each design reflect the conformational fluctuations of the PMKE peptoids over time due to thermal motion. The separation distance is measured between the centroids of the oxygen in the carboxylic acid group and the nitrogen in the amine group that make up the zwitterionic chair pair. The PMKE-3 and PMKE-0 zwitterionic motifs used for the MD simulations are shown to the right of the figure. The PMKE-a motif was represented by the amino acid lysine, which was used as the submonomer for the zwitterionic sidechains in the actual synthesis of PMKE-a-20 and PMKE-a-36. Each distribution is normalized to sum to unity. The standard deviations of the distributions were calculated from the Gaussian fits shown in the figure. Figure 1 in the main text were not used in titration experiments to avoid difficulties in interpreting the data that might arise due to ionization of the lysine and DOPA groups in the surface grafting pentapeptide motif. Figure 4 in the main text), which has double the charge density. B) shows the data for all designs at 36-mer chain length. The contact angle trends for the 36-mer peptoids brushes were observed to scale towards lower chain densities compared to the 20-mers, because the longer chains have a proportionately larger number of residues at any given chain density. C) shows the data for both the PM-20 and PM-50 uncharged controls. The advancing angles (adv.) are shown in solid symbols and receding angles (rec.) are shown in the corresponding open symbols.
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All zwitterionic designs show essentially identical advancing angle behavior ( Figure S4A and B), rising from complete wetting at low grafted chain densities to a maximum of approximately 50° at intermediate densities before decreasing gradually to <40° with further increases in chain densities. The closely matching behavior could reflect the fact that all PMKE share the same chemical building blocks and acetyl-capped terminal M residues. In contrast to the non-monotonic behavior of the PMKE surfaces, the advancing angles on the uncharged control remained at ~40° even at high chain densities ( Figure S4C ). This suggests that the initially increasing and then decreasing trend could originate from variations in the initial ionization or charge arrangement of the chains (e.g. pairing of opposite charges in the dry state) with the grafted chain density. However, this is not interpreted further as there is no simple relationship between contact angles and the microscopic details of chain conformations. These are compared with the data at a low ionic strength (solid diamonds). The avidin concentration was 0.1 mg/ml for both series. The adsorption maximum around pI TiO2 = 5~6 was only observed when adsorption was carried out at a low ionic strength. The adsorption on PM-20 was normalized to the levels observed on the corresponding TiO 2 controls because these were different at the two different ionic strengths (average in 10 mM buffer = 250 ng/cm 2 ; average with 150 mM additional NaCl = 134 ng/cm 2 ; the higher adsorption at the lower ionic strength was expected because the electrostatic interactions with the positively charged avidin at these pH were less screened). A lower PM-20 chain density (0.18 ± 0.03 chain/nm 2 ) was used in the experiments performed with 150 mM NaCl than those with only 10 mM buffer (0.31± 0.03 chain/nm 2 ). This lower chain density was chosen to highlight any potential TiO 2 substrate charge effects-these effects would become more prominent if the surface was less densely covered with the PM-20 brush even with higher ionic screening at a higher ionic strength. The lower chain density also contributed to the higher adsorption observed in the 150 mM NaCl experiment. Both PMKE-3-20 and PMEK-3-20 have a balanced number of oppositely charged groups evenly spaced apart; the difference is only in the order of the charges along their backbones. When grafted on the surface, PMKE-3-20 has positively charged groups at the termini of the chains extended into the solution forming the brush surface, and PMEK-3-20 has negative groups nearest the brush surface. Since significantly more positively charged avidin adsorbed on PMEK-3-20, the charge groups at the termini were apparently more accessible to incoming proteins, resulting in enhanced electrostatic attraction on PMEK-3-20 and repulsion on PMKE-3-20.
Two surface ionization effects are consistent with the higher adsorption on PMEK-3-20 compared to that on PMKE-3-20: i) the pK a s were shifted to lower pH on the surface (i.e the acid groups were preferentially ionized); and ii) the charge groups nearer the brush surface were more easily ionized (i.e. more ionizable groups near the brush surface than within the brush interior were charged). However, case (i) would not be consistent with the additional results for PMKE-0-20, PMKE-a-20. In these brushes, the acid groups are placed next to the base groups, if only the acid groups were ionized, their charge distribution along the chains would be come to resemble that of PMEK-3-20. However the level of avidin adsorbed on PMKE-0-20 and PMKE-a-20 did not increase with increasing pH and did not resemble the trend observed on PMEK-3-20.
Case (ii) could be consistent with the results on PMKE-0-20 and PMKE-a-20. The levels of adsorption on these brushes were actually similar to that on the neutral PM-20 control, and all three brushes had slightly higher adsorption than on the PMKE-3-20. This is consistent with both acid and base groups near the brush surface being equally ionized on PMKE-0-20 and PMKE-a-20, thus constituting a zwitterionic, net neutral brush surface as intended in their design. Given the dynamic nature of brush conformations-the terminal residues are extended into the solution only on average and some interior residues would also at times become surface accessible-the surface ionization effect might not have been very strong. The authors currently are not able to measure the degree of ionization as a function of height within the brush.
The effects on protein adsorption would be very similar whether only the surface accessible charge groups or all the charge groups within the brush were ionized. Both scenarios highlight that the near surface charge groups exert a dominant effect on avidin adsorption at low ionic strength, as well as the fact that the spatial separation between the charge groups along the polymer chain can control whether a protein experiences the polymer brush as a zwitterionic surface or not. 
dead bacteria).
Overall, of the bacteria that attached, a higher percentage of them were dead on the peptoid brushes than on the TiO 2 control for E. coli and S. aureus. Statistically similar proportions of P. aureginosa and S. epidermidis were dead on both peptoid and TiO 2 surfaces, except for PMKE-a-20, on which less S. epidermidis were dead than on the TiO 2 control. Attachment was measured after 24 h in 150 mM NaCl and after gentle rinsing. The initial seeded density for all strains were ~1x10 8 CFU/mL. All brushes were grafted at 0.3±0.015 chain/nm 2 . (***) indicates P < 0.001. P = 0.099 between PMKE-a-20 and PMKE-3-20. N ≥ 3. The error bars indicate ±1 SD.
Materials and Experimetnal Methods
Materials
High purity solvents were purchased from VWR (Radnor, PA). This material was dried under vacuum to a constant weight of 5.7 grams. Analysis by 1H NMR, 13C NMR and LCMS showed the desired Boc-Lys-O-tBu product and a small amount of impurity that did not interfere with the peptoid synthesis.
Synthesis of the Boc-Lys-O-tBu zwitterionic submonomer
Lys(Cbz)-O-tBu
Synthesis and Characterization of Peptoid Polymers
Peptoids with the DOPA pentapeptide surface grafting anchor were synthesized using the same solid phase synthesis protocol described for our previously introduced peptoid antifouling brushes. [2] [3] [4] Briefly, a C-terminal DOPA-Lys-DOPA-Lys-DOPA surface anchor pentapeptide sequence was first synthesized on a rink amide resin using conventional Fmoc solid-phase peptide synthesis (SPPS) employing HBTU as the coupling reagent. [5] The peptoids were then synthesizedm according to the sequences shown in Figure 1 , using conventional submonomer protocol [6] directly at the N-terminus of the DOPA pentapeptide.
The submonomers used were methoxyethylamine (for the uncharged "M" residues), betaalanine t-butyl ester HCl for the negatively charged "E" residues), N-Boc-1,4-butanediamine (for the positively charged "K" residues), and Boc-Lys-O-tBu (for the zwitterionic "a" residues). The test peptoid sequences for the titration measurements were synthesized in the same manner, but without the DOPA pentapeptide sequence. The N-termini of all peptoid/peptide chains were acetylated with 1 M acetic anhydride in DCM for 30 min. All reactions were performed on a C S Bio 036 automated peptide synthesizer (C S Bio, Menlo
Park, CA). The standard 95% TFA cleavage cocktail was used to cleave the peptoid-peptide from the resin and deprotect all the relevant sidechains. Preparative RP-HPLC was used to purify the crude products after diethyl ether precipitation from TFA cleavage. Analytical RP-HPLC and MALDI-MS were used to confirm the purity and mass identity, respectively, of the final products. All HPLC measurements were carried out on a Waters system (Waters, Milford, MA) using Vydac C18 columns.
Potentiometric Titration Measurements
Titrations were performed using standard methods with a custom built autotitrator capable of handling small sample volumes, as previously reported. [7] 10 mg of each peptoid was dissolved in 1.5 mL of 100 mM KCl and titrated with 100 mM KOH (Ricca Chemical) at 2 µL steps. After each addition of base, the pH was recorded only when the standard deviation of the pH was < 0.001 over a 60 s interval. This criterion was relaxed to < 0.01 over 30 s for pH > 9, due to baseline drift at higher pH.
Preparation of Peptoid Brush Surfaces on TiO 2 Surfaces
3.5 nm thick TiO 2 native oxide films were deposited on Si wafers by electron beam evaporation (Edwards Auto500; 6x10 −6 Torr, 0.1 nm/s) as previously demonstrated. [3, 4] The wafers were cleaved into individual samples (11 x 12 mm 2 ) and numbered. Successive water, acetone and 2-propanol baths were first used to clean the samples. They were then dried under N 2 and further cleaned by a reactive O 2 plasma (120 mTorr, 100 W, 3 min; Harrick Scientific, Ossining, NY). The TiO 2 samples were immediately measured by ellipsometer and immersed in peptoid solutions, typically within 20 min after the plasma treatment (3M NaCl buffered with 0.1M MOPS, pH 6, 50°C). Different peptoid concentrations and immersion durations were used to obtain a range of grafted chain densities. All wafers within a batch of preparation were placed face up in sealed cell culture flasks and the coating solution was constantly swirled within a heated orbital shaker. After coating, the substrates were extensively rinsed with UP H 2 O and dried in a stream of filtered N 2 .
Peptoid Brush Density Characterization
As previously shown, [3, 4] show that the MD model values showed excellent agreement with experiments. [3, 4] The previously measured refractive index (n(λ) = 1.489 + 0.0055/ 2 ) of PM-20, [3] which is similar to the refractive indices measured for proteins, was applied for all peptoids.
Contact Angle Measurements
The dynamic sessile drop method was used to measure the advancing and receding water contact angles. A contact angle goniometer fitted with a high-frame-rate video camera and an automated pipette was used (Model 190 CA, Ramé-Hart, Succasunna, NJ). A 1 µl UP H 2 O drop was placed on the substrate first. An automated pipette was lowered towards the sample so that its tip penetrates behind the drop apex (to minimize distortion of the drop shape from the viewpoint of the camera). A step-size of 0.08 µl at ~2 Hz was supplied to increase the drop volume. Automated, live video image analysis of the expanding water drop in profile (DropImage, Ramé-Hart, Succasunna, NJ) was used to determine the contact angles.
At the end of the advancing sequence, the drop volume was ~7 µl, the pipette tip was immediately withdrawn, and an image of the drop was saved as a record (within ~ 1 s after the drop has stopped moving). The same procedure was applied to recording the receding angle:
the pipette tip was lowered back into position, and water was withdrawn, also in steps of 0.08 µl at ~2 Hz.
Protein Adsorption Measurements
Lyophilized human fibrinogen (Fg; Sigma, Milwaukee, WI) was dissolved in pH 7. Invitrogen, Carlsbad, CA). This serum media was also used for fibroblast cell culture.
Lyophilized avidin (Av; Pierce Biotechnology) was first dissolved in UP water at 10 mg/ml.
This was then diluted to 0.1 mg/ml in the appropriate buffer. 10 mM buffers were used in the Av adsorption experiments. Acetate buffers were used in experiments conducted at pH 4, 5 and 6. A hepes buffer was used for experiments at pH 7.4. MES was used for pH 8.2. The amount of irreversibly adsorbed protein was obtained from ellipsometer measurements of the adlayer thickness relative to the peptoid brush thickness of the control immersed in unloaded buffer (assuming n = 1.45 + 0.01/λ 2 ; N ≥ 3; previous measurements showed a mass density of 521 ng/cm 2 corresponded to a full layer of Fg adsorbed on the uncoated TiO 2 control). [8] This ex situ protocol has previously been validated by comparison with in situ measurements. [8, 9] 9. Mammalian Cell Attachment Assay 
Bacteria Attachment Assay
Escherichia coli (ATCC 35218) glycerol stock was streaked on Luria broth agar plates and Staphylococcus epidermidis (RP62A), Pseudomonas aeruginosa (ATCC 27853) and
Staphylococcus aureus (ATCC 29213) glycerol stocks were streaked on tryptic-soy agar plates for overnight culture at 37°C. To generate stock cultures, 3-4 colonies were transferred to LB broth for E. coli and tryptic-soy broth for S. epidermidis, S. aureus and P. aeruginosa.
Following overnight incubation at 37°C, approximate CFU counts were computed based on absorbances (at 600 nm) from previously established growth curves. To prepare the inocula, cells were centrifuged at 10,000 rpm at 4°C and the obtained pellets re-suspended in sterile 150 mM NaCl solution. Subcultures of the inocula were performed to confirm cell concentrations to be within a log unit of 1×10 8 CFU/ml.
Dynamic attachment assays were performed to mimic the surface flow conditions in biomedical catheters. Sample substrates were placed into a 70 ml flat-bottom tissue culture flask, covered with 5 ml of the inoculum solution, and placed on an oscillating stage (60 rpm).
All samples were then incubated for 24 h at 37°C (N = 3). Afterwards, the inoculum solutions were exchanged with 150 mM NaCl solution ("rinsing"), stained with a live/dead stain (Syto-9/Propidium-Iodide) for 15 minutes, rinsed again with 150 mM NaCl, and mounted on glass microscope slides using mounting medium. The relative area covered by cells was determined using ImageJ.
Atomistic Modeling using Molecular Dynamics (MD) Simulation
All-atom MD simulations were carried out in explicit water molecules in order to calculate the distance distributions between the charge groups in the zwitterionic chains. For PMKE-3 and PMKE-0, a 10-mer chain for each species was prepared and solvated in a box of ~7000 explicit water molecules. The simulation box size was 6.0 x 6.0 x 6.0 nm 3 , and the water molecules were modeled using the SPC water potential. For the distance distribution between the charge groups in PMKE-a chain, we performed an MD simulation of a single, ionized lysine molecule in a 4.0 x 4.0 x 4.0 nm 3 rectangular box with 2168 SPC water molecules. Each simulation system was first energetically stabilized by the steepest descent algorithm, which was followed by a 100-ns MD simulation for production at temperature 300 K at constant volume on GROMACS package, version 4.5.4. [10] The OPLS force field parameters [11] were used to model the chains. The distance distributions were obtained by measuring the distances between the Nitrogen atom and the Oxygen atom in the ionizable groups in the chains from the simulation trajectories.
